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FOREWORD ;

This report entitled, "Computer Program for the Calculation of Incident
Orbital Heat Flux," IR 1890h,was prepared by the Lockheed-California Company
_under NASA Contract NAS 9-3349. The Orbital Heat Flux Program utilized under
this contract is a modified version of a computer program originally developad

by Lockheed in 1960.
Other reports prepéred under this contract are:
LR 18899 A Transient Heat Transfer and Tﬁermodynamic Analysis

of the Apollo Service Module Propulsion System -
Final Report

Volume T: Phase I - Transient Thermal Anslysis
Volume II: Phase II - Thermal Test Program
LR 18900 A Transient Heat Transfer and Thermodynamic Analysis
of the Apollo Service Moduls Propulsion System -
Summary Report

LR 18901 An Introduction to Spacecraft Thermal Control

IR 18902 Thermal Analyzer Computer Progrsm for the Solution
of General Heat Transfer Problems

LR 18903 Thermal Analyzer Computer Progrem for the Solution
. of Fluid Storage and Pressurization Problems :

LR 18905 Computer Program for the Calculation of Three-Dimensional
Configuration Factors.

This report was written by Mr. B. A. Nevelli of Lockheed's Thermodynamics -

Department. The contributions of Messrs. W, L, Francis, R, B. David, and
E. V.>Ashburn, also of the Lockheed-California Company, to this report are
gratefully acknovledged. Mr. Francis developed the logic of the original
version of the program. Mr. David programmed both the original and present
versions and has continually improved and updated the program over the past
several ysars. Mr. Ashburn provided improved values of the radiative heat

losses and diffuse reflectancs of the Earth-plus-atmosphere system.

LOCKHEED
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SUMMARY

A computer program has been developed by the Lockheei—California Company
for the computation of orbital variation in incident and feflected solar and
planetary emission radiant heat flux on plané surfacc elements. The program
computes the orbit, given the altitude at perigee, eccentricity, inclination,
etc., and handles planetary or inertial orientations in either Farth or lunar
orbits. The program also handles individual points in space. Non-uniform
radiosity of the Earth due to latitude, seasonal variations, etc., is accounted
for. By adding apprcpriate data constants, the program can be extended to
include other planets. Computer output is in.tabular form. Output options
provide punched cards suitable for direct insertion into the Thermal Analyzer
program and/or plotted heat input vs. time data. -

The program is arranged so that a set of angles complet=ly defines the
geométry at any given instant. The planet's equator and the direction of the
sun define the basic coordinate system. Angles wmeasured from the planet-
element line define the orientation of the element in space. Planetary radia-
tions are computed by a double integration over that portion of the planet that
can be "seen" from the element. The program is written in FORTRAN IV for the
IBM 709Lk. The use of this program is described in detail and is illustrated

by several example problems.

- ix
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I INTRODUCTION

The thermal environmeﬁt associated with orbiting spacecraft is\a critical
factor in determining its operating capability. With the advent of\manned
spacecraft, the thermal environment problem becomes even more critical from
the standpoint of maintaining a suitable biological environment for the human
occupants. For spacecraft above a planet's atmosphere, the primary mode of
heat transfer between the spacecraft and its external environment is by radia-
tion. In this case, the external heat gain or loss of the spacecraft by con-
véction and/or conduction is negligible. A heat balance of the external
radiation exchange and any internal heat generation thus completely determine
the thermal environment of the spacecraft and its surface temperature.

For a given application and resulting design, the contribution of any
internal heat generation to the thermal environment may be calculated with'a
high degree of reliability. The determination of the external radiation
exchanges, however, is subject to a number of uncertainties. The amount of
radiation actually absorbed and emitted by the external surface depends upon
its characteristics (i.e., absorptivity and emissivity). The absorptivity
and emissivity of a material are a function of the wave length of the incident
and emitted radiation, respectively, and also of the mechanical and chemical
character of the surface. In general, one must resort to an experimental
technique for obtaining the surface characteristics. The remaining item to
be analyzed in a determination of the external radiation exchanges is the kind
and quantity of incident radiation. The primary éources of incident radiation
include direct insolation (solar radiation) and the thermal radiation from
nearby planets, such as the Earth or moon.

The purpose of this report is to describe a computer pfogram developed
by the Lockheed-California Company to compute the irfadiation of a plane sur-
face element (a differential surface in comparison to all others) in orbit
about, or in, the vicinity of a planetary body. The radiant inputs to any

Spacecraft can be obtained, since its external surfaces can be approximated

’
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by é series of plane surfaces. The irradiation as determined by this program

can then be ﬁséd to write the applicable heat balance on the surface. This
heat balance may be concerned with either radiation equilibrium or transient
conditions. ' '

The present computer program is basically an improved version of an
earlier Lockheed-developed program (Ref. 1). The principal modifications are
an improved method of éomputing Earth emission and reflected solar radiation;
optional punched card and plotted output, the addition of lunar orbits, and

the provision to extend the program to other'planets as the need arises.

LOCKHEED 1-2

CALIFORNIA COMPANY

ul



LR 1890}

JI PROGRAM DESCRIPTION AND CAPABILITIES

The program is written in FORTRAN IV for the IBM TO94. 'It computes the
orbital variation in incident and reflected solar and planetary emission flux
on plane surface elements. The program is arranged so that a set ofbangles
completely defines the geometry at any given instant. Planetary radiations
are computed by a double integration over that portion of the planet that can
be seen from the element. Since these integral expressions cannot be solved
in closed form, a solution by numerical techniques was developed. This was
accomplished by finite differences on a digital computer.

To set up the problem for computation, the user first determines the
angles defining the declination of the sun, inclination of the orbit, and
orientation of the surface element, and orbit parameters such as altitude,
eccentricity, time of launch, etc. The planet (Earth or Moon), type of orien-
fation.(planet or inertial), types of radiations (solar, solar plus planet,
etc.), and planetary infegration grid size are specified. Finally the user
specifies the Pptional output forms, if any, which are desirad (punched heat-
ing curves for the Thermal Analyzer program, or plotted output). Standard
output is tabular in form and includes individual incident irradiations
(e.g., direct solar and planetary emission), and combinations of irradiations

(e.g., total solar spectrum). Optionally, total absorbed irradiation is

computed if surface absorptivity and emissivity are specified. Total irradia- .

tion to a spacecraft can be‘determined by dividing the exterior into a number
of plane surfaces. Non-orbital situations (e.g., ballistic or inter-planetary
trajectories) are handled as a series of individual points.

The program is presently limited to Earth- and lunar-referenced missions.
By adding other planetary constants, the program can readily be extended to
inclﬁde additional planets as the need arises. FEarth reflection and emission
calculations take into account the non-uniform radiosity of the earth due to
lattitude, seasonal variations, etc. ILunar emission calculations account for

the extreme surface temperature variations of the moon. Planetary emission

-
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calculations for other planets would be based on an "average"

temperature if
there is significant atmosphere.

If not, calculations would be based on

temperature gradients as is done for the moon.

LOCKHEED 2-2
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ITIT GEOMETRY

COORDINATE SYSTEM

Planet Coordinates

A spherical coordinate system with origin at the center of the planet is
selected with coordinates (R + A, ), ¥) based on rectangular coordinates
(% Yo
definitions made for these coordinates are as follows:

ZO). Referring to Figure 3-1 and the nomenclature (Appendix A), the

1. R = mean radius of the planet (assumed to be a perfect sphere) in
statute miles

2. A = altitude above the surface of ihe planel in statute miles

3. Xo - ZO plane = equatorial plane

1

L, ZO axis = projection of the planet-sun line in equatorial plane

i

5. Yo axis north pole of planet
6. Q is measured in X, - ZO plane

T. ¥ is angle measured between (R + A) and its projection in the
equatorial plane.

8. Direction of sun: } = Q. =0

S
¢ = Yg = T (date)
9. Location of the moon with respect to the Earth:
Q= 0y
y = ‘IIM

A coordinate system is defined which is moving with the planet in its
path around the sun. As notéd, the ZO axis is the projection of the planet-
sun line into the equatorial plane. Relative to an observer moving with the
coordinate system, the only effect of ihe planet's revolution around the sun
is to cause a change in the declination of the sun, ws. This angle will vary

for the Earth from about +23.5° to -23.5° from summer to winter (Northern

-1
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Hemisphefe), and may be obtained exactly for any given time from the American

Ephemeris and Nautical Almanac‘(Ref. 2). For convenience, the analemma giving

both the declination'of the sun and the equation of time for every day of the
year is shown in Figure 3-2. ié can be input directly, or as an option, auto-
matically input as an "average" value for each month (taken as of the 15th of
the month.. | '

In this coordinate system the direction of the moon with respect to the
Farth may also be obtained directly from the Ephemeris data for any given time.
Angle ipM is the declination of the moon, and (1M'may’5e obtained by taking
the difference in right ascensions of the moon and the sun (also tabulated in
the Ephemeris), and converting to degrees:

()M, degrees = 15 (right ascension of mocn, decimal hours - right

ascension of sun, decimal hours), degrees
The distance, d, from the Earth to the moon is heré taken as the mean distance.
While the three-body (Earth-moon-sun) solution is available, it has been found
for Earth orbits and near-Earth trajectories that the presence of the moon is
usually ﬁegligible and is normally ignored. |

Lunar orbits and near-lunar trajectories are handled directly by treating
the moon as a planet. Iunar orbits are handled geometrically the same as Rarth
orbits. The distance from fhe moon to the sun is taken to be the same as the
distance from the Earth to the sun.

Local Orientation of Surface Element

A local set of coordinates is defined so that z lies in the direction of
the zenith, and x lies within the orbit plane (positive x is in the general
direction of travel around the orbit, the exact direction of travel in tﬁe
case of circular orbits). The origin of this system is at the point P (R + A,
(iP, ¢P). This coordinate system is illustrated in Figure 3-3.

- The local orientation of the surface element may be determined by locating

the unit normal, to the surface. To do this, spherical coordinates o

A
Nps
and 7 are assumed, based on the rectangular coordinate system x-y-z. Referring
to Figure 3-3, o is measured from +z toward +x in the x-z plane, and 7 is the
angle between the unit normal, QP’ and its projection in the x-z plane. 7 1s

A
measured from the x-z plane toward +y (7 = 90° when n, is coincident with the

y axis).

LOCKHEED 3-3
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Y
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SURFACE
ELEMENT

PROTECTION OF
/ Ap INTO THE

X-Z PLANE

/
EARTH /
P e Z o~ X
(]
J \{ »
N
/\
N
Oo ) N
yA
o
NOTE: oIS MEASURED IN THE X-Z PLANE
T IS MEASURED FROM THE X~Z PLANE
TOWARD THE Y-AXIS
' Figure 3-3. Orientation of Surface Element
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.In the case of planet orientation, tﬁese angles are determined once and
apply to any poéition in ‘orbit. In the case of inertial orientation, the .
angles o and 7 are determined for the point of entry'into orbit or the point
from which the fixed orientation is established. This point is Vo This
inertial orientation is_held as the planet is orbited. The varying orientation
of the surface element with respect to the planet is accounted for b& the com-
puter program.

ARBITRARY ELLIPTICAL ORBITS

Since the principal application of thiskprogfam is to compute the irradia-

tion of a spacecraft in orbit, it is desirable to obtain the geometric inputs
necessary for all points of arbitrary orbits. Also, since all orbits are.
elliptical, the equations for arbitrary elliptical orbits within the present
coordinate system will be derived. The equations can then be used to provide
the geometric inputs. A

Referring to Figure 3-4, an orbit plane with a set of axes, X, Y, Z, is
defined by a simple rotation of the Xo, YO, ZO axes as follows:

1. Rotate Z about the Y, axis toward X, by the angle Q.. The value of
Q¢ is determined so that the X axis is the intersection of the orbit
Pplane and the equatorial plane.

2. Rotate Z about the X axis toward Y, by the angle l#o. ‘This angle is
the inclination of the orbit with respect to the equatorial plane.
Note that the X axis remains in the XO - ZO plane. The angles ()o and ¢o -
now define the orbit plane for a spacecraft or satellite moying in the general
direction Z to X.

If, however, motion in the opposite direction, but in the same plane, is
desired, the orbit plane must be inverted so X* coincides with -X, Y¥ with -Y,
and Z*¥ with +Z, as shown in Figure 3-5. This can be accomplished by simple
rotation as follows:

1. Rotate Z* about the Y, axis toward Xy by the angle . Q¥ Qo +180°.

il

2. Rotate Z* about the X* axis toward Yo by the angle Y * = 180° - ¢ .

Note that Z¥ now coincides with Z and X* is opposite X. The angles S)O* and
.po* now define the orbit plane for a spacecraft moving in the direction Z*

to X¥, which is opposite the original direction Z to X.

LOCKHEED 3-6
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Now, consider an arbitrary elliptical orbit in the X-Z (orbit) plane with

the origin (center'of the planet)‘as one of the focii, as shown in Figure 3-6.

' In the X-Z plane, consider a rotation of axes by the angle w to X', 2' (Y

axis coincides with Y axié) so that 2' coincides with the semi-major axis of
the elliptical trajectory, and the center of the ellipse lies on the -Z' axis.
The orbit has eccentricity, e, which equals \’(a2 - b2)/a, where a is the -
semi-major axis and b is the semi-minor axis. The center of the orbit lies
at (0, - ae), and the focii at (0, 0), and (0, - 2 ae). In the primed coor-

dinates, the equation of the orbit is:

(z' + ae)2 X'2 _
+ =1
32 b2
(3-1)
(y+ =0)
In polar coordinates:
2 2 2
+ .
(p cos ; ae)” , P s;n Voo . (3-2)

a b

where the angle, v (known as the "true anomaly") is the angle between the
perigee (measured in the direction of motion) and the point in question. This
rearranges algebraically to

a (1 + e2)
1 + e cosv

p= (3-3)

An arbitrary elliptical orbit has now been established, relative to the

X, X ZO axes, which is completely specified by the following geometric

2 s

qiantgties: ()o, ¢b, w, a, e. In general, these gebmetric quantities may be
selected, and all positions of the corresponding elliptical trajectory computed
by varying v. A non-zero initial value of the true anomaly, Vy? can be speci-
fied. The local surface orientation is determined at vy for inertial orienta-
tion of the spacecraft. The altitude at perigee, AO =a (1 - e),is an input
quantity.

For the special case of circular orbits, it 1s seen the e = w = 0 and

a = (R + A). For equatorial orbits, €} = ¢o = 0. For polar orbits, wo = 90°
and ()o determines the inclination of the orbit plane to the suns rays, or to

the Yo - ZO plane.

LOCKHEED‘ 3-9
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ECLIPSES OF THE SURFACE ELEMENT

In determining the quantity of incident radiation on the surface element,

it is important to know the duration and variation of exposuré to the various
‘soarces. One of fhe moét important radiation sources is direct solar energy,
which is abruptly removed when the surface passes into a planet's shadow. In
this simplified treatment to determine when the surface element passes into a
planet's shadow, the following assumptions are made for two-body motion:

1. The planet's shadow is a circular cylinder with a diameter equal to
the mean diameter of the planet.

2. The shadow has no penumbra.
3. Atmospheric refraction effects are negligible.

Relative to the planet-sun line, the surface element will pass into the

planet's shadow at an angle, Ngys SO that *

21
R
COS Ny, = - 1 - [— (3-4)
S (pSH)
As shown in Figure 3-7, the surface is iﬁ shadow for

ol ‘

R 2 )
cos M, =< - 1 - <;> (3-5)

where cos nP = COS Mgy for p= pSH’
Since all points in an orbit will be specified, the corresponding value
of p can be found from equation (3-3). Also, since the direction of both p

and the planet-sun line are known, cos 7, can be found and compared with the

. -— _
value of [- \}l - (R/p)g‘] to determine if the surface is in the planet's
shadow. 1In addition to the calculation at regularly spaced intervals around

the orbit as specified by the user, the computer program calculates the irradia-
tion just before and after entering or leaving the planet's shadow.

CRBITAL POSITION AS A FUNCTION OF TIME

For the general case of elliptical orbits, the integrated radiant inputs
can be obtained only if they are known as a function of time. This can be
ascertained if the variation of the true anomaly, v, for a given orbit is known

as a function of time. The problem of describing the path or orbit of an

LOCKHEED 3-10
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object about a body is described in most texts on the dynamics of motion or
celestial mechanics, such as Moulton (Ref. 3). For the simple two-body prob-
lem, the differential equation relating the time; t,’at any point in the orbit
to its coordinates is
p2 %%== k NMp'= constant R (3-6)

where k is the gravitational constant,

M is the planet's mass, and

p=a(l-e
It is now assumed that time at perigee is zero, and that v is measured from

perigee in the orbit plane. Then

t 1% Vv o
2 p. dv
kN Mp at = p dv = 5 (3-7)
° A ) (1 + e cos v)

The period of one body of infinitesinal mass about another body of mass, M
is (Ref. 3):

2

=27ra3/2

k M

Then by integrating and substituting,

T (3-8)

k N M

vhere E = (1 - e)/(1 + e). For the special case of circular orbits, it can be

2\1/2 '
[2 tan—l(El/2 tan %} - & (l -e) sin V] (3-9)

t
l +e cosv

seen that equation (1-9) reduces to the expected results of a linear variation

¢ =<a3/2 v>/6< W) (3-10)

of v with time:

It can also be seen that equation (3-9) reduces to equation (3-8) for the

period of orbit with v = 2.

LOCKHEED 3-12
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IV -CALCULATION OF ORBITAL IRRADIATIONS

DIRECT SOLAR IRRADIATION

The actual amount of solar radiation falling on a surface element is
dependent upon its distance from the sun and the rate of radiant energy emitted
from the sun. At large distances from the sun (such as the distance of the
Earth), the sun's rays are approximately parallel; and the radiation per unit
area which is incident on a surface normal to the rays may be considered to
vary as the inverse square of the disfance from the sun. For small changes
in distance. from the sun, such as a spacecraft in orbit around a planet, lhe
solar irradiation of a surface undergoes no noticeable change and may be con-
sidered to be constant. On the other hand, the 5olar irfadiation of a surface
near the Earth varies by approximately £3.5 percent in the course of a year
due to the eccentricity of the Earth's orbit around the sun.

The irradiation of a surface normal to the sun's rays due to solar radia-
tion can now be obtained from the "solar constant" for any point in the Earth's
revolution around the sun, or at the mean distance from the sun for any other

planet. The "

solar constant,” S', is defined as the rate at which energy is
received upon a unit surface, perpendicular to the sun's rays, in free space
at the Earth's mean distance from the sun. Then, the irradiation on the
normal surface according to the "inverse-square of the distance" law is given
by

5=—2 - (h-1)
|7 |

where T is the radius vector of the planet being orbited, normalized to the
Barth's mean distance from the sun. The value of fhe solar constant, 8', is
taken to be 2.00 cal cm™© min—l, as presented by Johnson (Ref. L).

The solar irradiation of a surface element in space is given by appropriate
geometric considerations and equation (L4-1). The quantity of solar radiant

energy incident on the surface is given by

= L2
g CF S cos os v ( )
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i
The angle, OS, is measured between the sun's rays and fqg normal to the surface
element. The function, CF’ is a factor’'to account for’?he possibility of the
surface being in the planet's shadow.

V It is assumed in all determinations of the irradiafion to be made, thaf
all surféces are approximated by Lambert surfaces. The configuration factors
associated with computing the thermal radiation from various sources to the
surface element then reduce to purely geometric functions. With this assump-
tion the reciprocity theorem holds and may be used to simplify the geometric

configuration factor determination.

A
Now, let the direction cosines of the normal, n_, to the surface element

»
be ll’ m s and ny with respect to the Xo’ Yo’ and ZOPaxes. From Figure 3-1
it is seen that the direction cosines of the sun's rays are O, sin ‘l’s’ and
cos t[/S, with respect to the XO, YO, and ZO axes. From Figure 3-3, the values
of ll’ m, n

1 are fouﬁd 1o be:

Q . - . . .
ll cos ik, cos 7 sin o - sin (IJP sin QP sin 7

+ co i
cos ll/P sin QP cos T cos O
m, = cos l.pP sin 7 + sin §, cos 7 cos @ ) (4-3)
n, = - sin QP cos T sin o - sin \IJP cos Q-P sin 7

+ -
cos s, cos QP COS T cOs @
The function, cos GS’ ‘is then given by:
= 1 { + n Loy
cos OS m, sin "!’S | cos lps o (b-k)

Similarly, from consideration of the direction cosines of the sun's rays and
the planet-surface lin=, the angle between the sun's rays and the line to the

- point, P, which determines the eclipse factof, is given by
-1
= { i + L
Mp = cos (sin \[JS sin \]JP cos (JJS cos tpP cos QP) (4-5)

The eclipse factor, CF’ is now defined to be

-

.
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@]
i

. R 2]
F 1.0, cos nP, > - \[ - (_p_>
. ’ R o1
CF 0, cos Ny s - \/1_<.p_>

(4-6)

il

"It is obvious that when cos QS < 0, no direct solar radiation will be received

by the surface. The value of dg will therefore be evaluated as

qq = Cp 8 [max (cos O O)] (L-7)
The expression, max (a, b), is evaluated as the maximum of the two quantities
a and b.

From equations (L-1), (4-3) - (4-7), the value of solar irradiation incident
on a surface above a planet's atmosphere is completely determincd.

IRRADIATION BY THE EARTH

A unique feature of Lockheed's Orbital Radiation program is that it
accounts for non-uniform radiosity of the Earth's surface. The determination
of the radiative heat budget of the Earth is one of the fundamental problems
of meteofology. For this reason, some of the classic papers in meteorological
literature are discussions of the emission and diffuse reflectance of the
Earth's surface and atmosphere. All but a few of these papers, however, are
restricted to discussions éf the annual radiative heat budget. Francis
(Ref. 1) selected Simpson's work (Ref. 5) as a basis for his analysis, because
Simpson presented the results of calculations of the mean monthly radiative
budget. Gabites (Ref. 6) repeated Simpson's analysis using more recent and
improved data on the radiative heat transfer in a water vapor - CO2 mixture,
but Gabites' work was published as a doctoral thesis, and hence was not as
readily available.

" The present data are based on the work of Gabites (Ref. 6) and Houghton
(Ref. . The relative values were taken from Gabites and the absolute magni -
tudes were adjusted to fit Houghton's annual averages. The data for the
Southern Hemisphere were based largely upon Cabites' work. Table L-1 gives
values of Earth emission, WE, as a function of month and latitude. Table L-2
gives values of diffuse reflectance, Ra’ computed from the data of Gabites
and Houghton. The energy reflected from the Earth-atmosphere system, Sr’ is

given by
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s, =8 R (4-8)

where %Z is the solar energy incident on the atmosphere at any point. §£~ is

given by .
%Z = 5 (cos Q) cos Y cos Y + sin ¢ sin ws) | (k-9)

The geometry for determining the reflective irradiation of the surfacé-
element is identical to that of the emissive irradiation. No reflected energy
will be received by the surface element from any point on the Earth which is
"in shadow." It is assumed that no atmospheric refraction effects exist and
that a "sharp" great circle on the Earth differentiates night and day.

The emissive and reflective irradiation of the surface element at an
arbitrary point in space, P (R + A, KlP, wP), can nov be computed from geo-
metric considerations and the determination of magnitude and distribution of
the Earth's emissive and reflective power. The general expression for the

irradiation of the surface element in spherical coordinates is:

3

q:

(4-9)

/2 21 max (cos BE, 0) max (cés 0,, 0) cosy @ O ay
L/g fo (r/R)

For the Earth's emissive power, I = WE, and for the reflective power, I = Sr'
The user must determine the grid size (Ay and AQ) to be used by the

computer to numerically integrate equation (4-9). The grid size is usually

specified in degreess as 1/100 of the altitude in statute miles. The specifi-

cation of grid size is discussed in more detail in Section VITI under "Accuracy

of Integration." '

TRRADIATION BY THE MOON

To determine the lunar emissive and reflective rower in the absence of
an atmosphere, the surface characteristics (i.e., absorptivity and emissivity)
and temperature distribution over the surface must be known.

| The reflectivity of the lunar surface for solar radiation is generally
given as 0.070 or slightly higher. The value of 0.073 is used in the present

program. The computations which have been made of the lunar temperatures
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have assumed emissivities of about unity. A good summary of the moon's physical

characteristics are given by Kiess and Lassovsky (Ref. 8). The computed sur-

" face temperature and assumed emissivity will give the magnitude of emitted

infrared radiation from the lunar surface. An assumed emissivity of one is
probably reasonable, in view of the nature of the lunar surface and known
characteristics of materials emitting radiation in the infrared.

The most striking observations of lunar surface temperatures are those

made during the eclipse of the moon. A temperature change at the same place

- of 270°F (from 160°F to -110°F) has been observed in a period of only one

hour. This fact, along with photomic and polarmetric observations, has led
many observers to conclude that the lunar surfaée is covered with a coarse
layer of dust of extremely low thermal conductivity, since a high heat conducl-
ing material could not cool so rapidly. Is is also concluded that the moon B
will have a fairly uniform, although low, temperature on the dark side, and
the temperature on the sunlit side will vary by considerable amounts with in-
creasing distance from the subsolar point because of the increasing angle
between the sun's rays and the local normal to the surface. The temperature

measurements (Ref. 8) tend to verify these conclusions and are summarized

below:
Location Temperature, °F
Subsolar (at full moon) 21h to 264
Subsolar (at half moon) 187 to 239
Terminator -80
Dark side -2lh

On the basis of these observations and measurements, it is concluded
that it is reasonable to assume¢ that a thermal radiation equilibrium condition
exists on the major sunlit portions of the lunar surface, since the amount of
heat conducted into the moon's interior is probably negligible. This equilib-
rium condition would apply for all sunlit areas except those in the near vici-
nity of the terminator. Assuming a space temperature of 0°R, the surface
temperature at any point on the sunlit side would be given by:

r oo (252 ss i | (4-10)

o -
M €I M-S
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" In the region of the terminator, a linear extrapolatioF from 75° to the nmeasured
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i
|

value at the terminator is used. A sharp drop at the &erminator to a constant
value of 216°R on the dark side is also assumed. The;solution Tor the lunar

surface temperature gt any point is then given by:

o s 1/h : N
TM = ? COs eM—S {"‘75 =< ONL-S =< 75 }
12 &g S Y
TM == 387 - 5 & €os T5 oM-S
(h-11)
oy S 1/% 75° < OM—S < 90° F
+6 c & cos T75° - 1935
1 -75° > %ﬂ_s > 90
Ty = 216°R {90 < eM-s < 270 }_J

Figure L-1 is g plot of equation (4-11), using the values (1 - as) = 0.073,
€ = 1.0, and S = L43 Bru/h -1t°,

The irradiation of the surface element as a result of the lunar emissive
bower may also be computed from geometric considerations and knowledge of the
lunar surface temperatures. This irradiation is given by

m/2 2w :
o€ T..” max (cos 6, ,0) max (cos GP,O) cos ¢'a Q' ay

R M’
(rt/R")°

(k-12)
-7/2 0

where the primed quantities are lunar Parameters. These quantities can be

evaluated for both lunar~based4and-Earth-based coordinate systems (Appendix B).

The ‘geometry for the solar energy reflected diffusely from the moon's surface
back into Space is the same as in the case of the Earth. The flux density of

reflected energy is

S; = (1 - aS) S cos OM—S . (k-13)
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The spectral distribution is assumed to agree with the solar spectrum. The

irradiation of the surface element will then be

m/2  ow

_ . , , N o
j o - (1 (;S)S max(cos 0M~S,O)mdx(cos OM,O)maz(cos OP,O)cosxp dQ'ay
- (r'/R")

; "2 o (h-1l)
As in the case of Earth irradiation, the grid size for integration (A ¢' and
'_-_ A Q') is specified by the -user. |
]

e .
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V. PROGRAM INPUT AND OUTPUT

INPUT OPTIONS

The user can specify Earth or lunar orbits with planetary or inertisl
orientations, or individual points in space. At the users option, computations
can be made for solar irradiation only, solar plus planst (the usual option),
.solar plus planst's satellite (i.e., the moon as referenced to an Earth orbit),
or solar plus plan=st plus satellite. The program computes individual irradia-
tions on a plane surface and combinations of irradiations such as dirsct solar
plus reflected solar. The program will also compute total absorbad radiation

if the user spscifies the absorbtivity and emissivity of the surface.

QUI'PUT OPTIONS

The printed output contains a listing of input parameters, a tabulation
of heating rates in Btu/hr vs. tim2 in hours and position in orbit, plenctary
view Tactors vs. position in orbit, and an indication of when the surfece is

in the shadow of ths planst. The tebulated heating rates providad are:

1. Dir=sct solar irradiafion _
2. Reflected solar irrsdistion (planet)
Infrarad emission (planet)

. Reflected solar irredistion (planst's satellite)

Infrarad smission (planet's satellite)
Total solar spzctrum irrsdiation (1+2+k4)

. Total infrarsd emission. (3+5)

w N O 1 FoWw

. Total absorbed irresdiation (qs x 6 + er X T, if computed;
0 if not computad)
Lunar irradiation can b2 refarenced to either an Edrth orbit or a lunar orbit.
'Optional outputs availazble are punched cards and plotted output. Punched
cards are tables of heating rates in Btu/sec versus time in seconds, in the
correct format for dirsct insertion into the Thermal Analyzer program (Ref. 9).
The punchsd cards includs a five-digit s=quence number consisting of the three-

digit curve number plus consecutive numbers as needed starting with Ol.
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Available punched curves are:

1. Solar spectrum_irradiation
2. Iﬁfrared irradiation
3. Absorbed irradiation (if computed)
Plotted output is any of ths eight tabulated heating rates as desirsd. All

.

curves for a given case are plotted on the same figure.

INPUT DATA CARD FORMATS

Tha propsr formats for the input data cards are shown in Table 5-1. A

case to be submitted requires three cards; multiple cases are input as
sﬁccessive groups of three cards each. A case is here defined as a single
position of one surface elemsnt in space, or as all of the positions computed
for an orbit trajesctory. A final card, with cass = 0, is rsquirsd to termin-
ate the case(s).

The inputs rsquired for thes first card are flags spzcifying the planest,
orientation, and typs of irradiations to be computed, case number, curve
number(s) and identification for punchad output (if-required), surface ab-
éorptivity and emissivity (if required),Aand any desired identification or
comment. All numbars on the first card are fixed-point numbers (no decimal
point), with the exception of the case number, absorptivity, and emissivity,
which ars floating-point numbers (with decimsl point). A three-digit case
number does not rsquire a decimal point. )

The second card contains the month (1 to 12), declination of the sun
(Ws), description of ths orbit plane (Wo, QO), surface orientation (a, T),
and trajectory data (uw, Ao, e, v, Av). All numbers on ths second card ars
floating-point numbers, with the exception of the month, which is a fixed-
point numter,

The third card contains the planet surface integration grid size
(AYi, aﬂi), position parameters for the planet's satellite (YM, QM), satellite
surface integration grid size (AYJ, Aﬂj), and flags to trigger ths output
plotter. All numbers on the third card ars floating-point numbers, with the
exception of plot trigger flags, which are individual digits. AWi and A Oi
are required only when a plenst's reflected solar radiation and infrared

emission ars computed. YM’ QM’ AYJ, and A Qj are reguirad only when

LOCKHEED 5-2
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computations are made for a planet's satellite (i.e., the moon referenced to
- an Earth orbit). Non-zero flags trigger the output plotter. The third card

is required, even if all entries are zero or blank.
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VI EXAMPLE PROBLEMS

Several example problems are presented to demonstrate most of the input
situations likely to be encountered. Included are the input shéets, regular
tabular output, listings of optional punched heating rate tables, and optional

graphical output.

- EXAMPLE 1: CYLINDER IN CIRCULAR EARTH ORBIT WITH PLANETARY ORIENTATION

Assume a Cape Kennedy launch into a 300-statute mile circular orbit with
an inclination of 30° to the equator. Orbit insertion at 30° N latitude is
achieved at noon (locai sun time) on 9 February. The cylinder's axis is
aligned with the flight path. The body angles of interest (measured counter-
clockwise from the vertical, looking forward) are hSO, 1350, 2250, and 3150.
The geometry is illustrated in Figure 6-1. It is desired to compute solar
and Earth irradiations every 150 around the orbit. In addition, it is desired
fo punch solar spectrum and infrared tables, and to plot solar, planet emission,

and planet reflection curves.

The input parameters ars as follows:

Card 1:
J =1 (Earth)
K = 1 (planet orientation)
L = 2 (solar and planetary irradiations)

Case No. (arbitrary)

Punch triggers in 2nd and bth 6-column fields (table numbers )
Punched table ID in 3rd and 5th fields (arbitrary)
Identification in 10th through 12th fields (arbitrary)

Card 2:V
MO = 02 (February)
Yq = -15° (declination of sun on February 9)

30° (inclination of orbit)
0° (based on being at highest latitude at noon)

1]

Q D €
o O
[

0° (horizontal cylinder)

[}
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h50, 1350, 2250, 315° (same as body angles in this case)
0° (circular orbit)

300 miles (altitude)

> g 2
]

e = 0 (circular orbit)
V= 0 (starting point of orbital calculation)

Cav= 152 (step size around orbit)

Card 3:
AY, = A Qi = 3° (integration grid size, numerically = 0.01 Ao)
~Plot triggers in columns 37, 38, 39

There are four separate cases, one for each body angle. Each case requires its
owvn set of 3 cards.
The input sheet and tabular output are shown in Tables 6-1 and 6-2.
Table 6-3 is a listing of the punched output tables. Output plots are shown
in Figures 6-2 through 6-5.

EXAMPLE 2: CYLINDER IN CIRCULAR EARTH ORBIT WITH INERTIAL ORIENTATTION

a Assume the same orbit conditions as for Example 1, illustrated in Figure
6-1. Assume that inertial orientation is desired with the axis of the cylinder
perpendicular to the sun line. Note that in this case, the attitude of the
cylinder coincides with planet orientation at v = 0. Orientation parameters
are then determined at v, = 0. Therefore, all input parameters are the same

as for Example 1 except for the orientation flag.
Card 1:
K = 2 (inertial orientation)

Table 6-1 shows the program input. Output is shown in Tables 6-2 and 6-3,
and Figures 6-6 through 6-9.

LOCKHEED 6-2
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EXAMPLE 3: CYLINDER IN ELLIPTICAL POLAR EARTH ORBIT WITH PLANETARY ORTENTATION

Assume a Vandenberg AFB launch into a polar orbit with a perigee of 1000
statute miles and an apogee of 2000 statute miles. The major axis of the'orbit
is the intersection of the orbit plane and the equatorial plane, with the
perigee in the Earth's shadow. Launch toward the south is at noon (local sun
time) on March 21. The cylinder's axis is aligned with the zenith (local
vertical); The body angles of interest (measured counter-clockwise from the
leading edge, looking toward the center of the Farth) are 0°, 90°, 180°, and

270°. It is desired to computé solar and Earth irradiations every 15° around

“the orbit. In addition, it is desired to punch solar spectrum and infrared

tables and to plot solar, planet emission, and planet reflection curves.
The orbit geometry'is illustrated in Figure 6-10. The input pérameters

are as follows:

Card 1:

Same as for Example 1

Card 2:
MO = 03 (March)
Yy = 0° (Declination of sun on March 21)
Y, = 90° (polar orbit)
a, = 270° ("noon™ polar orbit launched toward south)
o = 90° (vertical cylinder)
T = 0°, 90°, 180°, 270° (same as body angles in this case)
)] = 270° (perigee over the equator and in Earth's shadow)
A, = 1000 miles (altitude at perigee)
e = 0.0915 (altitude at perigee = 1000 miles, altitude at apogee
= 2000 miles, radius of Earth = 3959 miles)
Yo = 0° (start calcﬁlations at perigee)
Av = 15° (step size around orbit)
Card 3:
AY, = ASli = 10° (integration grid size, numerically = 0.01 Ao)

Plot triggers in columns 37, 38, 39

LOCKHEED . 6-3
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Table 6-4 shows the program input. Output is shown in fables 6-5 and 6-6,
and Figures 6-11 through 6-1k, o :

EXAMPLE L: CONICAI SURFACE IN ELLIPTICAL POLAR EARTH ORBIT WITH PLANETARY
ORIENTATION

Assume the same orbit conditions as for Ixample 3; illustrated in Figure
6-10. Assume the surface of intercst to be a 45° vertical cone with apex
toward the Earth. All input parameters are the same as for Example 3 with

the exception of the orientation angles ¢ and 7 on Card 2. These angles are
specified as follows:

Body angle 0° 90° 180° 270°
o . 135° 180° 225° 180°
T 0° k59 0° 315°

Table 6-L shows the program input. Output is shown in Tables 6-5 and 6-6 and

Figures 6-15 through 6-18.

EXAMPLE 5: CYLINDER IN CIRCULAR LUKAR OREIT WITH PLANETARY ORIELTATTON

Assume an 86-statute-mile circular lunar eguatorial orbit sometime in
May. TNeglect the decliration of ths sun (which is nearly 0°). The cylinder's
axis is vertical and theo body angles of interest (measured counter-clockwise
from the leading edge, looking toward the center of the moon) are 0°, 90°,
180°, and 270°. Assume the Farth-sun-moon relationship to be as shown in
Figure 6—19. The angle betieen the moorn-sun line and the woon-Farth line is
38°. The point of entry into the clockwise lunar orbit is 168° from the moon-
Earth line. It is desired to compute solar and planetary incident and absorbed
irradiations every 15% around the orbit. Assume ag = eI = 0.5; it is'also
desired to punch absorbed irradiation tables and to plot solar, planet reflec-
tion, planst emission, and absorbed irradiation.

The inpul parameters are as follows:

Card 1:
J = 2 (moon) “ .
K = 1 (planet orientationjl .
L = 2 (solar and planetary ir}édiatiéns)

Case no. (arbitrary)
Punch trigger in 6th field (table no.)
Punch table ID in Tth field (arbitrary)

EbgKHEED 6-h
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N

0.5

0.5

Identification in 10th - 12th fields (arbitrary)

Card 2:
MO

Vs
o

\%
o

Av
Card 3:

Al%

N

i

05 (May)

0° (assumed declination of sun)

180° (invertslorbit plane)

0° (equatorial orbit)

90° (vertical cylinder)

0°, 90°, 180°, 270° (same as body angle in this case)
0° (circular orbit)

86 miles (altitude)

0 (circular orbit)

50° (38° + 180° - 168° = 50°)

15° (step size around orbit)

AS)i = 1° (minimum practical grid size)

Plot triggers in columns 37, 38, 39, Lk

Program input is showm in Table 6-T.

and Figures 6-20 through 6-23.

EXAMPLE 6

ARBITRARY POINT IN SPACE

IR 1890L

Output is shown in Tables 6-8 and 6-9,

Assume a plane surface Tacing the Farth, located at L0° North latitude,

60° Bast longitude, and an altitude of 1000 statute miles. Assume the time

to be 1400 GMT (2 PM) on December 25th.

planet irradiations.

The program input is as follows:

Card 1:
J
K

LOCKHEED
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1 (Barth)

1 (planet orientation)

6-5

It is desired to compute solar and
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S L = 2 (solar plus planetary irradiations)
e _ Identification in 10th - 12th fields (arbitrary)
o Card 2: ,
MO = 12 (December)
¢% = -23.,5° (declination of sun on December 25)

= 40° (north latitude)

= Q= 90° (60° east longitude plus 30° west longitude position of sun
5 at 1400 cMT): '
o = 0°, 7=180° (horizontal surface facing Earth)
Ay = 1000 miles (altitude)
0] = e=v = Av = 0 (no orbit reference)
Card 3: )
Ad& = A Q; = 10° (integration grid size, numerically = 0.01 AO)

Program input and output are shown on Tables 6-10 and 6-11, respactively.

L - EXAMPLE T: SPECIFIC POINT Ii A GIVEN ORBIT

Assume the same orbital conditions és for Example 1. It is desired to.
compute solar and planetery irradiations for Side 4 (7= 315°) at a point 30°
beyond orbit insertion.

The input is the same as for Example 1, Side )
Card 1:

s ¢xcept as shown below:

No punch triggers or punched table ID.

f Card 2:
g vy = 30° (locates point in orbit for computation)
- Av = 0° (one point ouly; computations are not to be made around the
orbit)
Card 3:

Qﬁ No plot triggers
- ‘ Program input and output are shown on Tables 6-10 and 6-11, respectively.
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VII GENERAL PROGRAM INFORMATION

ILLEGAL DATA HANDLING

Illegal characters in a data field will cause immediate termination of
the'program. An illegal character is defined as any character except numerals,
decimal point, + and - signs, and E (for expressioﬁ of an exponent) in the
floating-point fields. An illegal‘character is ahything except numerals and
+ and - signs in the integer fields. Only the dash (8-L punch) is illegal in
the Hollerith or "A" format fields.

Other types of data errors cannot so easily be checked. If a grid size
parameter is entered as negative or zero, a dlagnostic comment is printed and
the case is deleted. If the case number is equal to zero or if the case
number and the flags specifying planet and orientation are zero, the run is
terminated. This can occur if the data cards are out of order so that the
second or third card is read as the first card.

Provision has been made for extension of the program to other planets
and orientations, but until appropriate data are entered into the program,
requests for these are treated as illegal and the case is deleted with an
appropriate comment.

ACCURACY OF INTEGRATION

The accuracy of the integration depends on the choice of the grid size.
Normally, a value in degrees for Ay and A is chosen equal to 1/100 of the
value of the altitude in statute miles as a reasonable compromise between
accuracy and speed. As altitude increases, the size of the grid may be in-
creased. Figure T-1 shows the relation between grid size, altitude, and
accuracy for several representative Earth-orbiting cases. ifvdesired, the
user may select a finer grid size for increased accuracy, at the expense of
increased computer time. Or, he may choose a coarser grid size for reduced
computer time, at the expense of reduced accuracy.

EXECUTION TIME

For each orbit point calculated, execution time is a function of integra-

tion grid size, altitude, and orbit position. Time is inversely proportional
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to the grid size (Adyi X Ag)i). The total area of the planet "seen" by tha

element is divided into differential areas for integration, and the basic

part of the prograun is executed once for each differential.area. Therefore,

time of execution is inversely proportional to the differential area,

Albix AQi' |
“As altitude increases, the total area "seen" by the element increases,

approaching a hemisphere as a limit:

Area seen = 27R ( (7-1)

R x Alt.
R + Alt.

where R is the planet radius and Alt is the altitude of thec element above the
panel surface. It can be seen, therefore, that execution time is a direct,
but non-linear function of altitude.

Execution time is a function of the orbit position because the area seen,
mentioned above (eq. T—l), can limit the integration only if the element dces
not see past.one of the planetary poles. Therefore, a polar orbit will take
more execution time than an equatorial orbit, and.may take ioﬁger than an
orbit between polar and equatorial, depending on the altitude.

As an approximation for estimating running time on the 7040/ 709k (Mod T)
DC, an average case with a 1% x 1° grid size takes gbout 3 seconds per point,

or for an orbit calculated every 15°, T5 seconds.
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semi-major axis of elliptical orbit, statute miles

altitude above planet's surface, statute miles

altitude above lunar surface, statute miles

altitude at perigee, statute miles

semi-minor axis of elliptical orbit, statute

conversion factor

eclipse. factor

mean distance from center of Earth to center

= 239,100 statute miles
(1 -e)/(1+e)
eccentricity of elliptical orbit

total geomelric view factor from
Farth

total geometric view factor from
moon

gravitational constant

direction cosiﬁes, referenced to
direction cosines, referenced to
planet's mass

local normal to surface of Earth

local normal to surface of moon

normal to surface element

the surface

the surface

Earth

the moon

miles

of moon,

elemnent to the

element to the
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point P, location of surface element
orbit parameter, = a (1 - eg)

irradiation of surface element due to Earth emissive pover,
Btu/hr-rt2

irradiation of surface element due to Earth reflective power,
Btu/hr-rt2 '

irradiation of surface element due to lunar emissive power,
Btu/hr -£2

irradiation of surface element due to lunar reflective power,
Btu/hr-£t? : ’

irradiation of surface element due to solar radiation,
Btu/hr-ft°

mean radius of Farth (assumed to be a perfect sphere),
= 3958.87 statute miles :

mean radius of moon, = 1081 statute miles
diffuse reflectance of Earth plus atmosphere system

distance between surface element and local point on Earth,
statute miles

distance between surface element and local point on moon,
statute miles

radius vector of Earth

irradiation on surface element normal to sun's rays due to
solar radiation

solar constant, = 2.00 calories/min-cm® (= L3 Btu/hr-ft°)

solar irradiation reflected and/or scattered by Earth-
atmosphere system

incident solar irradiation at a local point outside Earth's
atmosphere

period of orbit, hours
temperature of lunar surface, °R

time, hours
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X, ¥, 2

1

GREEK LETTERS
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a, 0
Q',¢:
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outgoing radiant flux from Earth-atmosphere system, Btu/hr-ft2

coordinate system for orbit plane
coordinate system for orbit trajectory
basic coordinate system

local coordinate system at point P for surface element

solar absorptivity
infrared emissivity

angle between sun's rays and line between planet and surface

3 4
elcuwent

angle between %E and r :

A
angle between Ny and r'

A
angle between sun's rays and ny,

: A
angle betwecn np and r

A
angle between Ny and r'

A

angle betwsen sun's rays and nP

true anomaly of orbit (measured from p;ri?ee),
point of entry into orbit
polar length coordinate of orbit geometry

. 3 K e 3 £ — —8 s k] 6.2 o 2{-
Stefan-Boltzman constant, = 0.1713 x 10 Btu/nr—lt - R

. e . A

local coordinates of normal to surface element, ny
angle of rolation for translation of X - Y - Z axes to
X' - Y' - 7' axes (angle between Z axis and major axis of
orbit ellipse)
spherical coordinates for basic coordinate system

spherical coordinates for lunar coordinate system

coordinates of orbit planc




Qo Yy = coordinates
g)P,‘pP = coordinates
fl%,!pé = coordinates
()S, ¢S = coordinates

'TERMINOLOGY

irradiation -

direct solar radiation -

solar irradiation -
Earth emissive power -
emiscive irradiation -
Earth reflective power . -
reflective irradiation -

radiosity -

LOCKHEED

CALIFORNIA COMBARNY
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i

of moon, referenced to Earth
. S

of point P in basic coordinate system
of point P in lunar coordinate system

of sun

radiant flux density incident on the surface
element ‘

radiation emanating directly from the sun

solar radiant flux density incident on the surface
element 5

radiant flux density in the infrared portion of
the electromagnetic spectrum, and which is

emitted directly from the Earth-atmosphere system
to space at a result of its temperature '

radiant flux density incident on the surface ele-
ment as a result of the emissive power of the
Earth, or other planet

Tlux density of solar radiation reflected and/or
scattered from the Earth-atmosphere system to
space

radiant flux density incident on the surface ele-
ment as a result of the reflective power of the
Earth or other planet

total flux density of a planet's eﬁissive and
reflective radiation
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Appendix B
EQUATIONS EMPLOYED

As previously seen, the final sclutions for the irradiation of thé surface
element were obtained as integral equations. Since these integral expressions
cannot be solved in closed form, a solution by numerical techniques was neces-
sitated. This_was accomplished by finite differences on a digital computer
(IBM TO9L) .

.After algebraic rearrangement, the equations used in the digital computer
program appear as follows:

EMISSIVE IRRADIATION FROM THE EARTH

Ull/ UQ
C _ W [max (cos §_,0) max (cos 6 ,O)] cosy 4 Q Ay
o = = & 2 2 (8-1)
1 2 A
BT (r/R)
O R
vhere C, = 0.1536 (Btu/hr ftg)/(cal/cm2 day)
r\2 R +A . . 2 R +A 2
(ﬁ) = ( —— cos ¢P’51n Qp - cos Ysin )7 + ( =— sin ¢P - sin {)
(B-2)
R+ A 2
+ ( = cos!pP cos flP - cos Y cos 0)
cos OE = g cos ¥ sin Q (R ; A cos ¢P sin {IP - cos ¥ sin Q)
+ § sin ¢ (R ; A sin wP - sin {) + g cos Y cos .(B—3)

R + A
o (—x— cos Y, cos O, - cos Y cos 0)

LOCKHEED" B~1

CALIFORNIA COMBANY




LR 1890}

R R+A ) ,
cos GP == -£l ( 5 cos ¢P sin ()P - cos ¥ sin ()
R R+ A |
+ = - si -
= ( = sin ¢P sin ) , (B-k)
R R + A i
toon (——§- cos ¢P cos KIP - cos Yr cos 1)

W, = T (month, latitude), cal/en® day

Z

1» Wys 1y are given by equation (k-3)

The integration limits, L and U, have been changed to encompass only that por-
tion of the Earth which the surface element actually "sec's." This reduces

computer time by more than one half. The modificd limits are:
Ly, = - (8 + increment); U, = + & + increment

1 ( R )

where § = cos R+ A

Lo = O, -7/2; 0

p Q_ + 7/

Q — 7p
These limits also apply to the case of reflective irradiation, and similar
limits are used for lunar emissive and rcflective irradiation. The added

increment insured that the entire "seen" area is used.

REFLECTIVE IRRADIATION FROM THE EAR'UH

Yy o
C, max(Sr,O) max (cos OF,O) max (cos GP,O) costrd QL ays
%R T F PRy (B-5)
(r/R)
Ly Ig
vhere :
C, = 221.25 (Btu/hr ftg)/(cal/min cmg)
s, = R, S(cos Q cos ¥ cos ¢S +}sin Y sin ¢%) (4-8,9)
R =f (month, latitude)
. — 2 . 2 . )
S =8'/(Y )%, cal/min cn (h-1)
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f (month) ' ;

£ (date)

i

d

Remainder of terms same as for equation (B-1). .
The value of T are taken here as of the 15th of each month from the 1960

American Ephemeris and Nautical Almanac.

SOLAR IRRADIATTON

= Y M i + -
ag = €5 Cp S max [(hl sin ¢S M, cos ¢S), O] (B-6)
where c, = 221.25 (Btu/hr £t2)/(cal/min cn?)
- < - a[1- V2
Cp =1, cos.mp D 1-(R/p)
(4-6)
= < - f1- e
Cp =0, cos m, < 1-(R/p)
Remainder of terms same as for equations (B—l) and (B—5).
LUNAR EMISSIVE JRRADIATION
U(’I' UQL L
oég TMr max (cos GM’ 0) max‘(cos 0%, 0) cos Y'd Q'ay’
q = T
M -~
T (er/r0)?
L L '
lll' O
(B-7)
. where primed gquantities refer to a lunar-based coordinate system
o = Stefan-Boltzman constant
EI = lunar surface enmissivity (assumed = 1.0)

T is defined by equation (4-11)

-(r'/R')g, cos @ and cos Oﬁ are defined below:

M’
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For lunar-referenced orbits (treating the moon as a planet):

r'\2 _ (R'HA’ L N2 L RUHAT Y-
(R‘ = ( = cosll/Ps:LnQ - cos ¥' sin Q') +(—_—§T—51n¢P-s1n¢;)
1+ 1
+ (—R——-R—‘l,\—— cos l,ll'P cos Q'P - cos ' cos Q’)g (B-8)

- - _ R . R'+A'
cos 6 o7 cos P! osin ' ( =

cos lP'P sin Q'P - cos ' sin Q')

1 1 1 1
+ §T sin ¢ (R ;‘? sin'l,!/'P - sin ') + ?—,— cos ¥ cos QI
|+ 1 )
° (R R‘? cos V'P cos Q'P - cos ' cos Q') (B-9)
1 tHAY
cos @'y = R—, ﬂ'l (B——ﬁ—{}-— cos Y'y sin Q‘P - cos Y' sin Q')

R!+Al

1 (———R-,— cos ', cos Q'P - cos ¢' cos Q') (B-10)

For Earth-referenced orbits (treating the moon as the Earth's satellite):

a.' ) b!
1]
(%—.—)2 -%— - cos ' sin Q‘)2 + (——%—'- - sin 1[;)2
c. ' 5
+ (_Ila_'_ - cos i’ cos ') ' _ : (B-8a)
' R+A . _ o
a;' =d (=5 cos Y sin O ~ cos s, sin Q)

Voo R+A . e
b, d(d sin lllP sin l,!/M)

Do (RA s - |
ey a ( 7 08 Y cos Q- cos \IJM cos QM)
a ]
cos @, = R cos Y' sin O (-—l—— - cos ¥' sin Q')
M r R!
b | c,’
1 1
+ = sin (—%—,— - sin Y') + —E—;— cos Y' cos ) (—%‘T - cos ' cos (')
(B-9a)
B-k
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H R )
1
cos Q!P = .57 ﬂl ( =7 - COS ' sin Q1)
b.! .
R! 1 .
+ Bl (- siny)
R' ey
+oTny ( =T - C€OS Y cos 1) (B-10a)

LUNAR REFLECTIVE IRRADIATION

Uw' UQ‘
05(1— as)S mex(cos GS,O.)max(cosQM»,O)max(cos 0's ,0)cosd'a Qraqy!
Y T T 7 5
(x'/R")
L,y LQ‘
v (B-11)
. = . 2
where C5 = 221.25 (Btu/hr £17)/(cal/min cn®)
= i -]
cos GS m sin l'bS + ny cos l,l/s (b-k)

2 . .
(r'/R')", cos 011’ and cos B'P were defined sbove for both Earth-referenced
and lunar-referenced orbits.

ORBITAL GEOMETRY

lllP = sin~t [sin W, (cosvcosw- sinvein w):, (B-12)
-1 R .
QP = cos [cos Q, (cos vcosw - sinvsin w)]
sin QO v v
- ———= (sinvcosw+ cozvsinw) } . (B-13)
cos ,
o
1 2
(R+A) = (RA ) ———— (B-1k)

1l +ecos Vv
e perameters l,lxo, Qo, ), Ao, and ¢ are basic inputs to the computer as dis-
cuszed in Sections ITT and V. The true anomaly, v, is submitted as Ys and Ay

(in legrees), and the computer calculates values of QP and_gl/P for v from

EED
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uo to vo + 360o in increments of Aw. AO is the value :of the altitude at
-

perigee.
TIME ;
2 1/e
(R+A )3/ 2. 1T
_ o -1 ,1/2 v e(l-e”)  sinv
t = };_MEUT 2 tan (E tan -2—) - T F e COS v (B-—l5)
PLANETARY VIEW FACTORS
Ulll UQ
1 S S max (cos GE,O) max (cos OP,O) cos ya Qdy (B-16)
F_ ==
v (x/R)*
Ll’l LQ
U"l" UQ' ]
. 1 j S max (cos 9M;0) max (cos ()'P,O) cos Y'a 'a Y (517}
2
T (x'/R")
Lllll LQI

B-6
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Appendix C

PROGRAM ARRANGEMENT AND LISTING

Proper use of the incident orbital radiant heat flux ("Orbital Radiation")

program requires three program decks, associated éontrol cards, a plotting sub-

routine package, and input data. For use with the Calcomp plotter, one set of

plotting subroutines is required; for use with the SC-4020 plotter, a different

set of plotting routines is required. Input data are supplied by the user in

the format described in Section V. Figure C-1 shows the deck setup for use

with the IBM T0LO/7094-DC Computer and the Calcomp plotter.

The three basic program decks are:

1.

2.

The main deck, named ORAD, does all the required computations, reads
the input, prints the output, and punches cards if requested.
Subroutine WSRALl is a block data program containing tables of radia-
tive heat loss of the Earth (calories/cm2 day), by month and latitude,
and diffuse reflectance of the Earth-atmosphere system (solar constant
= 2.0 calories/cm2 min) by month and latitude. These tables are en-
tered into the main program by means of common storage block WSRA.
Subroutine QPLOT (dsck nara QPLT) receives computed data from the main
program through common storage block QPX. These data are then plotted
with each case on a separate graph. Trhere may be as many as eight
curves on a graph if all quantities are requested.

Plotting subroutine package. Subroutine QPLOT makes use of several
system subroutines which draw axes, print titles, draw symbols and
lines, and locate the points on the graph. The lists below give the
subroutine names of the required subroutines.

Calcomp Plotter SC L4020 Plotter

ASCALE ASCALE

LINE CAMRAV

NUMBER ' - GRIDIV

PLOT POINTV

PLOTS " PRINTV

SYMBL 4 APRNTV

TRWEND LINEV

XYAXTS

LOCKHEED C-1
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Figure C-2 is a simplified flow diagram, indicating the major branches
and sections of the program. Table C-1 is a complete listing of the source

program cards.
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O
$1BFTC ORAD REF
DIMENSION RBARM(12) 1289005
DIMENSION XTIMP{360),YSOLP{ 360} ,YIRP{360),YABSP{360) ORADODS
DIMENSION ALBEDO{10),RATME(10) 1289005
DIMENSION DFS{10),RADIUS(10) , 1389005
DIMENSION PLANL(10),PLAN2(10) CRIEN(3),DATBI(7) 2374005
DIMENSION DATE(6),VK(360) FM(360),FE{360),A(80) 13890050
DIMENSTON DECLS(12) : 2374005
COMMON /WSRA/ WS1(12,19)RALI(12,19) 13890060
COMMON /QPX/PLTI8) 4 XTIM(360)4YQLE360),Y22{360),YQ3{360),YQ4(3560), 23740051
1 YQS(3601,YSOL{360),YIR{360),YABS(360),NPLTF ,PNO 23740062
4 9/3/64  PROGRAM CONSTANTS . 13890067
C DATA ORDER..EARTH{1),MOON(2) s MERCURY (3 ), VENUS{4) yMARS (5], 13890068
c JUPITER{6), SATURN(7) 4 URANUS (&}, NEPTUNE (S) ,PLUTU( O} 13890069
DATA (RADIUS{T),1=1,101/3958.67,1080.,1500.,3800.,2100.,43500., 13690071
2 38000.,16000.,16500.,2000. / 13890072 .
DATA (DFSUI)4I=1,10) Z1ueslese3875.7241.516,5.25,10.75,19.35, 13890073
1 30.0,39.6 / 13590074
DATA (RBARM(I),1=1,12)7.9835464,.9876141,.994604651.0034293, 13890075
&) 1 1.0110198,1.0156605,1.01664697,1.0127430,1.0655312,.9990161, . 13890076
ij 2 .9890045,.9841658 / . 13390077
E DATA (PLANL{I1),1=1410)/6HEARTH &HMOON s GHMERCUR, 6HVENUS 138900178
0 1 6HMARS  (6HJUPITE, 6HSATURN 6HURANUS, 6HNEPTUN, 6HPLUTO / 13890079
H DATA (PLAN2(I)},1=1,10) /6H RAy6H RA,6HY RA 4 6H RA, 2374008
[ 1 6H RAy6HR RA, 6H RAy 6H RAy 6HE RA, 6H RA/ 23740031
- DATA (ORIEN(I) 1=1,3)/76HPLANET, SHINERT.y6HELIGHT/ 13890082
= DATA DATB(1),DATB(4),DATBI5),DAT8(6) /6HIRBIT ,6HDIUS =,6HORIENT, 23740033
< 1 6HATION / 23740043
O DATA (DECLS(I), 121,12} / -.37242,-.22637,-.03870+.16911,.32836, 23740084
O 1 40667 42376364.246564405641-u14T718,-432166,~.40592 / 23740085
Ea DATA (ALBEDO(I),121,100/039,.073,.05,4764.1500514.50,.664.62,.167/ 23745066
DATA (RATME(I),1=1,100/14,.012344.056,.814,.108,318.35,95.28, ORADODST
1 14.58,17.36,.8312/ 23740033
. LOGICAL BACK1,BACK2,8ACK3 012
rﬁ INTEGER PLT 2374012
& NPLTF=0 23740121
1 READ (5,1005) NPyNJRyNF,CASEKNOL,85,<ND2,B1,<NI3,BA,ALFA,EPS, 23740122
() 1 (DATE(1)41=1,3) 23740123
1 CALL SSWTCH (5,NOVT) 23740124
/A GO TN (23,101)NOVT 23740125
EE 101 IF (CASE.EQ.0.) GO 10 23 23742125
PRO=CASE 2374013
NPLAN=NP 13832131
NFLAG=NF 13430131
READ (5,1001) MONTH PSIS,PSID,IMI,S1G,TAU,CMEG,AS, ECCEN, YV, DELY 13890131
READ (5,1000) DPSIT DOMI,PSIM,OMM,0PSTI,DNMY,OLT 23740132
11 IF (NP.EQ.D.AND.NDR.EG.0.AND.CASELEQ.0.) GO TO 23 13890133
IF (NPLAN.EQ.0) NPLAN=10 1389014
IF (NOR.NE.3) GO 70 12 : 13890141
990 FORMAT (47HONOR=3 TEMPURARILY ILLEGAL (FLIGHT ORIENTATIUN) ) 13890142
WRITE (6,930} 13890143
G0 10 1 : 13890146
23 NPLTE=1 - . 23742145
IFf {NPLT.GT.0) CaLt QFLIF 23740145
CALL EXIT . 13832145
sToP 13337145
4 WRITE (6,2601)C4SE 13890147
GO T 1 13897148
12 IF (NPLAN.LE.2) 50 T2 13 315
WRITE (6,991) NPLAN 2151
LOCKHEED C-5
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